Macronutrients persist in the surface layer of the equatorial Pacific Ocean because the production of phytoplankton is limited; the nature of this limitation has yet to be resolved. Measurements of photosynthesis as a function of irradiance (P-I) provide information •on the control of primary productivity, a question of great biogeochemical importance. Accordingly, P-I was measured in the equatorial Pacific along 150øW, during February-March 1988. Diel variability of P-I showed a pattern consistent with nocturnal vertical mixing in the upper 20 m followed by diurnal stratification, causing photoinhibition near the surface at midday. Otherwise, the distribution of photosynthetic parameters with depth and the stability of P-I during simulated in situ incubations over 2 days demonstrated that photoadaptation was nearly complete at the time of sampling: photoadaptation had not been effectively countered by upwelling or vertical mixing, Measurements of P-I and chlorophyll during manipulations of trace elements showed that simple precautions to minimize contamination were sufficient to obtain valid rate measurements and that the specific growth rates of phytoplankton were fairly high in situ, a minimum of 0.6 d-1. Diel variability of beam attenuation also indicated high specific growth rates of phytoplankton and a strong coupling of production with grazing. It appears that grazing is the proximate control on the standing crop of phytoplankton. Nonetheless, the supply of a trace nutrient such as iron might ultimately regulate productivity by influencing species composition and food-web structure. A different explanation for the apparent impairment of nitrate assimilation in equatorial upwelling is that the neritic bloom-forming diatoms which characterize coastal upwelling systems [Smetacek, 1985] Nutritional limitation of phytoplankton need not be invoked to explain persistence of macronutrients in surface waters at the equator. Walsh [1976] asserted that rates of productivity normalized to chlorophyll were similar over much of the ocean, including the equatorial divergence. He suggested that growth rates of phytoplankton at the equator are unimpaired but that a lack of significant environmental variability on the scale of 5 -10 days allows persistence of a coupled phytoplankton-herbivore system so that herbivory limits the standing crop of phytoplankton. Minas et al. [ 1986] also felt that grazing was the most plausible explanation of the HNLC situation in open-ocean upwelling. The small
were inoculated with 14C-bicarbonate (final activity, about 10 •tCi mL -1) and aliquots of 1 mL were dispensed into glass scintillation vials (7-mL capacity, not specially cleaned) in a temperature-controlled aluminum block. The exact amount of label added was determined by subsampling into a scintillation vial nearly filled with the non-acidic fluor, Aquasol II, thereby avoiding the problem of losing labeled inorganic C from acidic fluor [Iverson et al., 1976] . A range of irradiance was provided from below with 2 ENH-type tungsten-halogen projection lamps directed through a heat filter of circulating water, and attenuated with neutral density screens. Quantum scalar irradiance in each position was measured with a Biospherical Instruments QSL-100 4g sensor with a modified collector, small enough to fit in the bottom half of a scintillation vial for the measurements. Incubations began within 30 rain of sampling and were terminated after 1 hour. Inorganic carbon was expelled by adding 0.5 mL 6N HC1 and agitating the open vials for at least 1 hour in a hood. Aquasol II fluor was added and the vials were agitated again before counting with a Beckman LS1800 scintillation counter. Counts were corrected for quench with the H# method. No correction for isotope discrimination was made. Total CO 2 was assumed to be 2.1 mM. estimates of pB/rather than including it, the modeled photosynthesis in the dark is always zero. The realized maximum rate of photosynthesis, Pmax (g C (g Chl) '1 h'l), was calculated according to Platt et al. [1980] and its error was determined according to the principles described by Zimmerman et al. [1987] .
For many of the P-I experiments, one or more of the 24 values for carbon assimilation deviated quite substantially from a continuous function of irradiance. These were high values, possibly due to large, rare cells or to aggregates of cells, but conceivably the result of inadequate purging of inorganic 14C. data reduction, when samples were identified only by sequence numbers. Decisions to omit points were therefore not influenced by expected results for any particular sample.
Concentrations of chlorophyll a (Chl), corrected for pheopigment, were determined fluorometrically using a Turner Designs 10-005R fluorometer fitted with a Corning 5-60 excitation filter and a 2-64 emission filter and calibrated with purified Chl. Samples were collected in triplicate on Whatman GF/F filters and extracted in 10 mL of 90% acetone in the dark for at least 24 hours at -4øC.
Model of Primary Production
Photosynthesis was modeled as a function of depth and time for a representative day at the equatorial station using estimates of solar irradiance, light penetration, in situ fluorescence, Chl, and P Irradiance. Irradiance at the sea surface throughout the day (Io(t), where the subscript indicates irradiance just above the surface) was obtained by choosing from the 6-day record of ondeck PAR the 75th percentlie value for each 10-min interval. These points represented irradiance under clear skies. A fourparameter model was chosen to describe irradiance at depth (l(z)):
The parameter T (dimensionless) accounts for reflection at the surface. 
Productivity From Changes in Beam Attenuation
Morning (about 0830 hours) and afternoon (about 1330 hours) profiles of beam attenuation were compared to examine diel changes of attenuation at 660 nm and their relation to primary productivity. The analysis was very similar to that presented by Siegel et al. [1989] . Attenuation is presented as beam c-c w, where c (m 'l) is total attenuation and c w, the attenuation due to water, is taken as 0.364 m 'l, as specified by 
Experimental Manipulations
For experiments on photoadaptation and the influence of trace metals on phytoplankton, a combined sample of water 
RESULTS

Vertical
Conventional Measurement of Primary Productivity
The 24-hour SIS incubations yielded estimates of primary productivity that were higher than those from the productivity model ( The constancy of the P-I relationship over incubations of up to 2 days is strongly consistent with balanced growth, whereby all cellular constituents increase at the same rates over 24 hours [Eppley, 1981] . Accordingly, this is one of a restricted set of situations in which changes of Chl can be interpreted as changes in phytoplankton biomass [cf. Eppley, 1968; Cullen, 1982] .
Regulation of photosynthesis by copper. Manipulations of trace elements were used to assess the influence of trace elements on photosynthesis in situ. Consider the regulation of equatorial primary productivity by copper toxicity: if the chelation capacity of the water were so low that free copper was toxic to phytoplankton in situ [cf. Huntsman and Sunda, 1980] , an experimental addition of Cu would further inhibit growth (increase of Chl) or photosynthetic capacity relative to IN THE EQUATORIAL PACtFIC a control, and a sample treated with the chelator EDTA would show better growth and photosynthesis than a control. Conversely, if natural chelation were more than enough to bind free copper in situ, an addition of Cu sufficient to limit growth only in unchelated water would alter neither the rate of increase of Chl nor photosynthetic performance relative to an untreated sample. To test this, we used a treatment with Cu at 5 x 10 '9 M.
Calculations show that 93% of that copper would be complexed by inorganic ions [Morel, 1983] Regulation of photosynthesis by iron. Our samples were probably contaminated with iron, so all of our incubated samples, including controls, should be considered enriched with iron. We therefore cannot determine if the availability of iron in situ limits the terminal yield of equatorial phytoplankton [cf. Martin et al., 1989 ], but we can assess the degree to which enrichment with iron influences the specific growth rates and photosynthetic characteristics of the dominant phytoplankton. Copper and EDTA had no significant influence on our measurements during the incubations, so we can include them in this analysis.
Measurable responses to iron enrichment seem to require at least one and usually several days [Martin et al., 1989 ], so if iron regulated the specific growth rates of phytoplankton in situ, we would expect initial rates to reflect those in nature and the rates after several days to reflect any stimulation attributable to iron. In other words, we can discount the Figure 1) , and outliers were high, not low as expected from toxicity. Further, in a test for short-term effects of trace elements, rates measured on a sample treated with EDTA were very similar to those measured on a control (Figure 10) . We conclude that the time scale of our P-I measurements was too short for toxicity to have had a significant effect. It could nonetheless be argued that substantial and irreversible toxic effects had occurred prior to the first measurements. This daunting criticism was addressed by Cullen et al. [1986] . Using the criteria described in that paper, we exclude the possibility of irreversible and catastrophic damage to phytoplankton during sampling. Particularly relevant are our measurements of high in vivo fluorescence normalized to chlorophyll in dark-adapted samples (J. Cullen and C. Davis, unpublished data, 1988), an observation that is inconsistent with toxic contamination.
We conclude that both the P-I method and the SIS method have potentially serious biases that are large enough to account for the discrepancies between methods. These biases should eliminated or better quantified in future studies. The P-I method does not include the contribution of large cells or aggregates, so we must assume that those measurements represent the dominant, small phytoplankton.
Beam Attenuation and Phytoplankton
Primary productivity. Siegel et al. [1989] hypothesized that diel changes of attenuation were due to photosynthetic production of ultraplankton offset by losses through microzooplankton ingestion. It was assumed that micrograzer abundances were not sampled by the transmissometer. Regardless of the exact nature of growth and loss terms, primary productivity could be estimated from the apparent accumulation of particles during the day. The assumptions implicit in the calculation of productivity from changes in attenuation are •1) the carbon-specific attenuation coefficient (c•; 3.92x10 '3 m 2 mg C 'l) is accurate, and (2) Beam c was measured routinely only twice per day, so the diel variability of attenuation could not be described in detail. To calculate productivity from changes in beam c, we multiplied by 10 the hourly rates determined between 0830 and 1330 hours, implicitly assuming linear accumulation of POC during the day, curtailed near dawn and dusk. Below we describe an exponential model that' can be used to estimate productivity, yielding similar results.
Chemical composition of phytoplankton. Siegel et al. [1989] clearly recognized that attenuation could not be attributed exclusively to phytoplankton, but it is difficult to quantify the degree to which phytoplankton contribute to the measurement. If we assume that phytoplankton are entirely responsible for beam attenuation, we can calculate the C:Chl ratio (w:w) of phytoplankton from beam c and Chl. This estimate will be too high by an amount corresponding to detrital and heterotrophic attenuation at 660 nm. At the equatorial station, the maximum C:Chl ratio (g:g) of All results were negative. Changes of P-I over 48 hours at 11% I o were negligible (Figure 8 ). Our conclusion is that with respect to the uptake of bicarbonate, our sampling and SIS incubations did not discernibly perturb the physiology of the dominant phytoplankton. We did not take all possible precautions to prevent trace-metal contamination [Fitzwater et al., 1982 ], but we were careful and we did eliminate a principal culprit, the black neoprene rubber closures on conventional Niskin samplers [Chavez and Barber, 1987 
Trace Elements and Limitation of Primary Productivity
When discussing the regulation of primary productivity by nutrients, it is useful to distinguish between regulation of growth rate and limitation of standing crop. If standing crop is kept low by grazing or some other loss process, productivity can be limited even if the specific growth rates of phytoplankton are maximal. Our experiments examine directly the influence of trace elements on the specific growth rates of phytoplankton. We must infer the relationship between trace nutrients and standing crop.
Trace element limitation of specific growth rate. Relatively high specific growth rates of phytoplankton (1.5 d '1 or possibly more) are suggested by diel changes in beam c. Experimental incubations also indicated that growth rates in situ were fairly high: during the first two days of incubations, when the P-I relationship, a sensitive indicator of perturbations to growth conditions, showed little change (Figures 8 and 9 ), the concentration of Chl increased nearly exponentially at a rate of 0.6 d '1. We take this as a minimum estimate of phytoplankton growth rate in situ, given that some grazing was likely in the bottles. These estimated growth rates are not consistent with the notion that the supply of trace elements severely restricted the specific growth rates of phytoplankton at the equatorial station. Treatments with copper and the chelator EDTA had little effect on the growth of phytoplankton from equatorial waters at 150øW (Figures 7b, 8c, 9) . These results indicate that toxicity from divalent cation contaminants did not compromise our results and that copper toxicity did not regulate the specific growth rates of the dominant phytoplankton in situ. These conclusions do not exclude the possibility that toxic trace elements might influence equatorial phytoplankton assemblages by inhibiting the growth of some species.
Because contamination with iron almost surely occurred during sampling, it can be argued that our experiments are useless for examining the effects of iron on phytoplankton. This would be true except for the observation that the responses of phytoplankton to iron enrichment seem to be slow [cL Martin et al., 1989 ]. If growth rates in situ had indeed been limited by Fe, low rates would have been maintained during the first 1-2 days, during which time we might expect to see a change in photosynthetic characteristics, followed by rapid acceleration of growth. We saw no response of P-I over 2 days, but subsequently we did observe an apparent acceleration of growth rate (Figure 7b) . This more rapid growth may well characterize a distinct assemblage, released from grazing pressures and responding to enhanced availability of iron [Banse, 1991] . Even if the abundance of those species in situ had been regulated by the availability of iron, grazing must have been responsible for maintaining the constant standing crop of the dominant equatorial phytoplankton, which was growing at a minimum specific rate of 0.6 d 'l.
We cannot assert that the specific growth rates of phytoplankton were maximal for the temperature and irradiance regime at the equator. In fact, some biomass-specific rate estimates were relatively low. Photosynthetic rates were well below those measured in other warm waters: Pmax was 5-6 g C g Chl '1 h 'l in surface waters at the equator where the temperature was about 26øC, whereas other studies [Malone and Neale, 1981; Falkowski, 1983; Keller, 1989] indicate that Pmax can be as high as 20-25 at the same temperature. Accordingly, integrated photosynthesis per unit Chl was lower than predicted from simple models of productivity and insolation [Platt et al., 1988; Cullen, 1990] . The relatively low rates of photosynthesis are not necessarily inconsistent with high growth rates. Rapid growth can be supported by relatively low pB if C:Chl is low.
Trace-element limitation of standing crop. Martin et al. [1989] showed that during incubations of samples from the high-nutrient, low-chlorophyll subarctic North Pacific Ocean, the final yield of chlorophyll was proportional to added iron. This result suggests that iron limits standing crop in those waters. Martin and colleagues have presented independent evidence to suggest that iron limits the growth of phytoplankton not only in the north Pacific, but also in equatorial waters and the Southern Ocean [Martin, 1990] . These conclusions have been questioned [Banse, 1990;  
CONCLUSIONS: WHAT LIMITS PRIMARY PRODUCTIVITY?
The presence of nitrate at relatively high concentrations in equatorial surface waters indicates that the productivity of the system is limited by one or more processes or factors. Simply, assimilation of the excess nitrate would lead to more primary production but something is preventing that from happening.
One possibility is that physical forcing (upwelling and vertical mixing)preven•ts the phytoplankton assemblage from adapting to ambient conditions so that specific growth rates are low. Our results strongly suggest that phytoplankton are well adapted to ambient conditions through much of the euphotic zone, so physical forcing does not seem to hamper photosynthetic performance. We cannot exclude the possibility that although photosynthetic processes are adapted to ambient conditions, nitrate assimilation is not shifted-up [Dugdale et at., this issue].
Several sets of measurements (14C incubations, increase of
Chl during SIS incubations, diel variability of beam c) indicate that specific growth rates of phytoplankton are relatively high, about 0.6 d '1 or possibly much higher. Nonetheless, Chl was relatively constant day-to-day, indicating that the growth of phytoplankton was closely balanced by losses (e.g., grazing). The pronounced diel variability of beam attenuation, interpreted according to Siegel et al. [1989] , also suggested tight coupling between autotrophic production and grazing. This is perhaps our best evidence that grazing is the proximate control on standing crop, and thereby productivity, in equatorial waters [cf. Walsh, 1976; Minas et al., 1986] . Unfortunately, the temporal change of beam attenuation is a poorly understood (although promising) measure of particle dynamics. The possibility exists that much of the signal is due to diel variability in c•, the carbon-specific attenuation coefficient.
We hypothesize that specific growth rates of phytoplankton were adequate to exploit the excess nitrate in the surface layer at the equator but that standing crop was controlled by grazing. If grazing is the proximate limitation on standing crop and thereby on primary production, the supply of a trace element such as iron might still be the ultimate control. It is conceivable that small oceanic phytoplankton dominate the equatorial upwelling system because they are superior competitors for iron [Brand et al., 1983] , effectively excluding phytoplankton such as diatoms that dominate in coastal upwelling. Small phytoplankton are more susceptible than larger diatoms to grazing by microzooplankton, so it is possible that if the supply of iron to the equatorial Pacific were increased substantially, diatoms would bloom, to some extent uncoupled from grazing so that nitrate would be depleted. Alternatively, large-scale circulation might select against diatoms by isolating surface waters from seed populations [Chavez, 1989] . This study and the others in this volume have answered a few questions about planktonic dynamics in the equatorial Pacific, but many have yet to be resolved. Some hypotheses seem mutually exclusive [Walsh, 1976 
